il

IR

EAI

AD-A285 120

G ey fr

REPORT DOCUMENTATION PAGE §6° 1§ iga | 5t o 2o ceea

OM8 No 0704-0188
—

3,000 000" ST TLr3ER M TNy LA CR Il AISIm L oe 4 St METAT 0 1R age T Ur DBY TSIDGCT IR SULEING TE | e Y0 hy b A] AMII LAY 8g7n 0] 0141 =G 3378 your =
JAIPENF I ARG TATLAFIAG NE JATA CPRGET 4nd IO @NAG ¢FQ A ArGTTe D 10 I M i At GA Send (smmanty -..?‘,3_;-3 1AL DUTTEA LMmATe 2 4y 37 M aihet Sf vy
TIROCUIOA S NUIITALGR FIvQiNg WG IEIORY TC! rAdUGIRg TR SUrGRA T AR rG13R HeaaGuer en Servees Direcorate far r1oimat on Corratiors ang Reocry 1N eMpra
Davaregrade Sute 1204 Lrirgior o3 (22623100 arQCTme Jhre ) Mamasement 170 Buagel Pi0eraore Aaducca Aoz 6x,0704-3 887 Aawnegton € 335CD
1. AGENCY USE ONLY (Leave biank) 2. REPORT DATE 3. REPORT TYPE AND OATES COVERED
a9 _ 1y
4 Sept 1994 Ann. Tech, Rpr: 15 Aug 93 14 Aug ?fi

4. TITLE AND SUBTITLE €. FUNDING NUMBERS

Low Temperature Synthesis of Semiconductor Materials F49620-92-J-0431
6. AUTHOR(S) 61102F 2303 B2

Philip Boudjouk

7. PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

North Dakota State University

Fargo, ND 58105

asean ud 0600

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSQRING / MONITORING
AGENCY REPGAT NUNBER

AFOSR/NE o

Building 410, Bolling AFB DC

203326448

o F49620-92~J-0431
TWT;T:%%%— 94-31455 .

T

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED. 2 ELECT =

122. DISTRIBUTION / AVAILABILITY STATEMENT

b

0 | 0CT 0 419943
A3

L

13. ABSTRACT (Maximum 200 words) o -

: 3 T o o e .., .
$ SE 4 W R " ™
PR A ‘ . ,

This report summarizes the results obtained in the second year of the grant. During this time,
experiments were conducted which demonstrated that phenyl groups on heavier main group atoms
undergo migration with great facility. This mobility has veen utilized to prepare novel materials with
a broad range of semiconducting and optoelectronic properties. Gallium arsenide ard gallium
phosphide have been prepared at modest temperatures (~400 °C) from easily prepared single source
precursors. Work conducted in this time period led to the discovery that ternary compounds
composed of tin, sulfur and selenium can be prepared in high yields at ~400 °C as phase pure
materials in nonstoichiometric ratios from readily available compounds. Conventional procedures
call for temperatures >1000 °C. Also discovered was that pyrolysis of perbenzylated compounds is
Zgzy a;g';ccx:r:v t;or ﬂ;:rodalxln(;xln%c gmar;ly and ternary cor}rlxpounds of the main group. They have numerous
r the ated analogues among which are low ici iion t
and lower contamination of target pfoducts. £ a1 lower toxicly, faster decomposition times

14. SUBJECT TERMS 1S. NUMBER OF PAGES

gallium arsenide, gallium phosphide, semiconductors, optoelectronic pioperties, /

nonstoichiometric compounds, 16. PRICE CODE

OF REPOR OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED

17. SECURITY CLASSIFICATION [18. SECURITY CLASSIFICATION [19. SECURITY CLASSIFICATION [20. LIMmITATION OF ABSTRACT
T

NSN 7540-0°-280-5500

Desq:c e D NS S13 1398

Starpard *orm 298 (Rev 2-89)




Principal Investigator: Philip Boudjouk (F49620-92-J-0431) ... 1
ANNUAL TECHNICAL REPORT for August 15, 1993 - August 14,1994 ................ 1
L LISt Of OBJECTUIVES ..ottt ettt ettt ere e ease st e e 1
1. Status of Research Effort ... 1
Cyclic Group 14-16 Chalcogenides ............cccocoviiiivenincnncinennn e 1
Linear Group 14-16 Chalcogenides ... e 2
Linear Group 13-15 Compounds as Single Source Precursors.............cccccovvrvurence. 2
Nonstoichiometric Compounds.........ccceiiiiiiiiiicii e 3
Benzyl Derivatives of Group 14 - 16 Chalcogenides.............ccoocoooee e 4
TIL. List Of PUDIICAIONS . ..oviiiiiiieiierie ettt er et er et 6
IV. List of Professional Personnel(funded by F49620-929-J-0431) ......cccevvrvirenennne. 11
V. Interactions (based on F49620-929-J-0431) .....ccccoiimiiiiniineieeecreee et 12
A. Presentations at meetings, conferences and seminars ............c..cceveveeenee. 12
1. Papers (presenter underlined)..........cccooveeevieinccie 12
2. Posters (presenter underlined) .........c.ocooveeeiiieiiiiiiieie e 12
3. SEIMUNATS ..ottt ettt e eba e 12
4. Invited LECUUIES .....ovoiiieiiiiie e 12
5. Invited Plenary Lectures ..o 12
B. onsultative and Advisory FUNctions ............ «ecceeevevrieccinnnieniie e 12
C. New discoveries, inventions or patent disclosures ...........cccceeeecvveennene 12
D. Additional infortnation .............ooceieriirin e 12
R S
NTIG  Chokd v,
DI 7o 0 |
UidiG., oo N |
Jutineie L
|

BY e eqanp INGYT
Distibuiion TV«

Avallab. ty Ceas

Cofgyant




Principal Investigator; Philip Boudjouk F49620-92-J-0437
ANMNUAL TECHNICAL REPORT for August 15, 1993 - August 14, 1994
I. List of Objectives

The objectives in this project arose from an accidental discovery during the work we began
under another Air Force project (AFOSR Grant No 91-0197) in which we observed that
heating of certain organotin sulfides and selenides produced high yields of tin sulfide and tin

selenide in high purity, i.e., with carbon contamination of less than 1%. Unaer this grant we
had the following original objectives:
1-Determine the breadth and scope of the applicabitity of the relatively nontoxic perphenyl-
ated group 14-16 chalcogenides as single source precursors to phase pure binary and ternary
materials such as SnS, SnSe and SnSxSei.x, as well as the germanium, lead and tellurium
analogues.
2-Investigate the possibility that group 13-15 analogues such as GaAs could be prepared by the
low temperatre pyrolysis of perphenylated precursors.
3-Auempt to determine the mechanism of the production of these materials.

To these we have added a new objective: to investigate the feasibility of benzyl derivatives
as single source precursors for potential semi conducting and optoelectectronic materials.

Il. Status of Research Effort

Cyclic Group 14-16 Chalcogenides

We have extended our investigation of cyclic systems to include silicon and germanium as
the main group metal. We have found that the silicon derivatives sublime rather than undergo
the rearrangement of phenyl groups observed in the organotin compounds (see Technical
Report for 8/15/92 - 8/14/93). Germanium compounds exhibit good promise for the synthesis

of germanium sulfide and germanium selenide but we have not yet optimized the procedures.

Pha
/M
o 400 °C E7 € 400 °C
Sublimation - — | ] 2Ge-E + GePh, 4+ PhsE
only M=Si PhM_ __MPh: M=Ge

e

M =Si, Ge
E=S, Se

We now know it is going to be more profitable to pursue these binaries from linear precursors.
Our work has progressed to the point that we teel that turther work on perphenylated ring




systems is not justified and that lincar systems offer considerably more potential for preparing

binary and temary compnunds of the main group clements.
Linear Group 14-16 Chalcogenides
As described in the report tor the period 8/15/92 - 8/14/93, we discovered that linear

organotin chalcogen compounds of the general formula, (Ph3Sn)2E, E = §, Se, T, are very

etticient sources ot SnS, SnSe and SnTe respectively. We have since extended the series to

include germanium and lead resulting in a simple, efficient and generally useful methodology

for preparing phase pure binaries composed ot group 14 - 16 elements. The general equation

below applies remarkably well:

PhaM-Cl + NazE ————> PHIM-E-MPh3
NacCl

400 °C
PhsM-E-MPhz ——= 2M-E + 4PhsSn + Phyy

Typically our yields are within a tew percent of the theoretical maximum. The notable

exceptions are the cases where the metal is lead. The organolead precursors tend to decompose

to give some elemental lead in the product mixture.

We have done some mechanistic work on these systems and, except for the cases where M

= Pb, we observe intermediates of the general formula (PhaM-EY 3. We kelieve the dominant

mechanism involves production of the highly reactive inwcrmediates which possess multiple

bonds between the metal and the chalcogen. These intermediates are heavy atom analogues o

ketones. We have proposed the tollowing mechanism (Boudjouk, P.; Seidler. I Bahr, S. R ;

McCarthy, G. J. Chem. Mater, n press, copy inciuded as part of this report);

r
Ph M = Ge. Si,, Fb Ph\
M 7 Weny MoGeSePo M——E
i~ E=S.Se Te or

UNDETECTED

Phz
M
Ph__ - B N¢
H /M""‘_ E | — ——— 2ME + 4MPh, + PhoE
——
PhzM MPh

DETECTED

Linear Group 13-15 Compourds as Single Source Precursors

2




The successes with the combinations of elements from groups 14 - 16 naturally raised the
question as to whether or not our approach would work with elements from groups 13 and 15.
The question that is central to this approach is whether or not phenyl groups would be as prone
o migration in compounds with atoms from groups 13 anc 15 as in the compounds with atoms
from groups 14 and 16. Qur ¢stimation was that phenyl groups would migrate well because
atoms trom group 13 are Lewis acids and atoms irom group 15 are Lewis bases and both of
these types of species promote phenyl migration. The results bear this out. We prepared PhoM-
EPh; compounds in > 70% yiclds where M = Ga and In and E = As and P as described below:

PhgM + PhaE-H — PhoM-EPhs + Ph-H
M= Ga, ln; E=As, P

Pyrolysis led 1o the desired group 13 - 15 binaries. Thus, we developed a new and convenient

route to zallium arsenide and gallium phosphide, both usetul matenials. Yields are >90%

3PhoM-EPh; — M-E + 2PhsM + 2PhzE
M=Ga; E=AS.p

tor GaAs and GaP. We are now investigating the indium derivauves.

In summary, we now can produce very pure and highly crystalline gallium arsenide in
multigram quantitics in a matter of minutes trom a readily availabie and sate precursor.

Nonstoichiometric Compounds

Preparing nonstoichiometric compounds to specifications is of general interest. It is of
particular importance for the design of materials with targeted electrical and optoelectronic
properties. We have developed a convenient new method for the synthesis of nonstoichiometric
compounds of group 14 - 16 in which three elements are involved. The standard method of
preparing ternary compounds of any composition is to mix the elements (high purity) and heat
the sample in pressured sealed tubes 10 emperatares in excess of 1000 °C for one or more
days. The sample 1s then cooled and ground to a fine powder and reheated. This process 1s
repeated several imes 1o ensure homogeneity. The danger of explosion is trequently mentioned
by workers in the field.

Our procedure, in contrast, involves modest temperatures (<500 °C). simple apparatus (a
tube turnace) at atmospheric pressure and casily prepared stasting materials (perphenylated
organotin sulfides and selenides). This procedure need be done only once, requinng 10 - 50
minuics. There 1s no potenual tor explosion singe it is conducted at atmospheric pressure in a
How system, 1.e., an inert gas is passcd over the sample throughouat the reaction.

In our last report we described how we prepared a pure, homogeneous sample of

SnSg 5S¢0 s simply by heating a 1:1 mixture of the ring systzms (Ph25nS)3 and (Ph2SnSe);:
3




Ph2 Ph;
Sn Sn
i °s N ST/ Se 400 °C
thSn\S _SnPhy  Phesn ~es _SnPh,

S/

SnSp.5Segs + PhaSn + Phy,s 4+ pPhySe

In the past year we extended our study to demonstrate that this approach is quite general,
i.e.. we prepared the full range of solid solutions of the tormula, SnS,Se.x simply by mixing
the two ning systems in the appropriate ratio and heating to 400 °C. We prepared ten different
solid solutions of tin sulfide with the formula SnS,Se).x in which x is varied incrementally
from (.1 through (.9. Remarkably. the ratio of S and Se in the reagent mixture is preserved in
the product! Thus, a 4:1 mixture of (PhaSnS)3 aud (PhSnSe) 3 results in SnSq g Seq 2.

As with the synthesis of the simple binary compounds, the other products are volatile and
the temary tin chalcogenide contains <14% carbon. The potenual tor this methodlogy is far
reaching and we will explore this work more tully in the third and final year of this project.

Benzyl Derivatives of Gronp 14 - 16 Chalcogenides

A trequently used approach in Organometallic Chemical Vapor Deposition (OMCVD) for
preparing binary compounds of the main group elements and of main group - transition metal
combinations has been 10 use small organic fragments on the central atoms and use high

temperatures (typically >7(4) °C) to cause dissociation of the fragmenis:

RMM-ER ———— M-E + R-
R = organic radicals, e.g., CH3-, C2Hs., and ten-C 1o

This methodology is sufters from several disadvantages: alkyl derivatives of main group
and uansition metal compound are toxic and volatiiz; the high temperatures required usually
lead to multipathway reactions, resulting in contamination of the target materials; the equip-
ment and technigues required for these syntheses are sophisticated and, normally, the limitation
to the gas phase contines one 10 small quantities that can be produced in any one experiment.

The essential consideration in this approach is the heat of formation of the organic radical.

Ya

e We have studied the heats of formation of organic radicals and surmised that, base on its
greater stability, the benzyl radical should be an eacellent candidate for dissociation trom metal

and nonmetal atcms.

(CGHSCHz)nM \A‘

(CeHsCHa)mE A

CeHsCH,. (benzyl radicalhas lower heat of formation
than 1°, 2° and 3° readicals)




Use of the benzyl group as a Jeaving group also otfered another importan advantage: its
clectronic structure is such that it can stabilize positive or negative partial charges during the
cieavage process. Thus, the effect of the clecironegativity of the main group atom or metal
could be minimized. This would be expected (o lower the activation barrier and increase the

reaction rate. Of course, this translates into lower temperatures required for pyrolysis.

partial charges, + 0r -, statilized by resonance during bond breakage

Our inital experiments were successtul beyond our expectations: perbenzyliated
organometallics are ¢ xcellent single source precursors for binary materials cotaining main
group elements.

(CeHsCH2)aM-ECH2CsHs _A0%C . ME 42 CeHsCH2-CH2CeHs
M=Ge,Sn; E =5, Se

Typical yields of binary compounds are 90)-95% with less than 2% carbon contamination.
Thiis conitasis sharply wiih substrawes 1in which aikyi groups are the leaving groups. Yiclds as
low as 20% are quite common and carbon contamination is usually more than 10%. Prelimin-
ary studies to prepare ternary compounds by simply heating a mixture of perbenzylated
substrates showed that nonstoichiometric compounds can be readily prepared by this method:

(CeHsCTH2)3Sn-S-CH2C6Hs

+ 400°C  Sn-Sa-Serx + CeHsCH2-CHaCeHs

(CeHs CH2)3Sn-Se-CH2Z6Hs

Weare now explonng C.e applicability of this approach to other main group elements 2nd to
transition metal systems as well. The vase with which benzyl groups can be attached 10 other
atoms greatly enhances the range of perbenzylated compounds we can prepare. This of course,
opens the way to a broad range of intermetallics a~.” metatloidal compounds that can be
prepared "to meet specificanons”.

There is no question that we have vastly improved the chemist’s ability to prepare novel

binary and ternary materials composed of main group <lements in bulk and in high purity. We

expect that this methodolgy will replace much of the current approaches to the preparation of
these matenals.
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